Mining ventilation is an interesting example of a large scale system with high environmental impact where advanced control strategies can bring major improvements. Indeed, one of the first objectives of modern mining industry is to fulfill environmental specifications [1] during the ore extraction and crushing, by optimizing the energy consumption or the production of polluting agents. The mine electric consumption was 4 % of total industrial electric demand in the US in 1994 (6 % in 2007 in South Africa) and 90 % of it was related to motor system energy [2] . Another interesting figure is given in [3] where it is estimated that the savings associated with global control strategies for fluid systems (pumps, fans and compressors) represent approximately 20 % of the total manufacturing motor system energy savings. This motivates the development of new control strategies for large scale aerodynamic processes based on appropriate automation and a global consideration of the system. More specifically, the challenge in this work is focused on the mining ventilation since as much as 50 % or more of the energy consumed by the mining process may go into the ventilation (including heating the air). It is clear that investigating automatic control solutions and minimizing the amount of pumped air to save energy consumption (proportional to the cube of airflow quantity [4] ) is of great environmental and industrial interest.
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In the advanced ventilation control, reconfigurability and wireless interconnection are key automation components. The first issue is related to the variable topology of the mine (mobile process industry): after all accessible ore has been retrieved from a mine level, the extraction rooms are filled and a new level further down along the decline (which is a spiraling tunnel used by the trucks to reach the surface) is bored. All equipments, including the ventilation, have to be moved and re-configured in the new level. While making easier re-configurability, the second issue comes also from the blasting and drilling operations in the extraction rooms, rendering the wiring infeasible in these areas. Our approach strongly relies on distributed sensing and actuation capabilities, and consequently communication capabilities. Wireless networks can also be used for improving the efficiency of other processes that are of importance in operating a mine, e.g., equipment (trucks and ventilation system) maintenance, people and equipment localization, voice communication and security. We will consequently quickly discuss the wireless automation in the mining environment and determine the impact of such network on the controlled dynamics. Note that the specific study of wireless communications in underground areas is a specific field of research [5] out of the scope of this work, where we focus on the ventilation control aspects. Nevertheless, further details on wireless network architecture and performance can be found in [6] and [7] .
The ventilation of the mine is first achieved by a turbine and a heater connected on the surface to a vertical shaft. The heater is required (in winter time at least) to avoid freezing in the upper part of the shaft and air cooling devices are used at high depths (more than 1000 meters) to compensate the geothermal effect (the temperature increases by 1
• C every 30 m as we go down). We will refer to this part of the system as the primary system. From the ventilation shaft, fans located at each extraction level pump fresh air to the extraction rooms via tarpaulin tubes: this is the secondary system. Bad quality air naturally flows because of the pressure gradient from the extraction rooms back into the decline and to the exhaust ventilation shaft (similar but separate from the primary ventilation shaft).
The distinction between primary system and secondary system is used in the following to split the control problems. In fact, the primary system typically has a simpler and more stable geometry while the secondary system is strongly varying in geometry (rooms are blasted every day), characteristics (tarpaulin tube length and shape) and disturbances (trucks) even within the same mine. Computational Fluid Dynamics (CFD) models, such as the one presented in [8] can then be envisioned for the primary system while grey-box identification or global models focused on the main dynamics should be preferred for the secondary one.
In the current ventilation regulation architecture, the turbine is operated based on the flow pressure gradient and the heating depends on the external temperature. The system of fans is controlled according to the demand of airflow in different parts of the mine thanks to frequency converters. This airflow demand is simply activated on messages sent by human operators to the control room using walkie-talkies, indicating their position and which fan needs to be set to its maximum speed (no automatic control, but maximum ventilation power during ore extraction). Both turbine and fans are at least operated at low speed for safety reasons. There may also be an additional safety system that triggers the fan high-speed operation based on a motion detector placed at the entrance of the extraction rooms. The current control architecture is then characterized by the absence of any true sensing of air quality and of real-time feedback loops in the secondary system.
The main objective of the mining control system is to provide the extraction rooms with good air quality, thus referring to a ventilation control. We specify the objective as the control of air quality (O 2 , NO x and/or CO x ) in the extraction rooms at different levels. Considering the distinction between the primary and secondary systems as defined above, it is then suitable to fulfill a cascade control configuration with the following two objectives: 1) regulate the turbine and heater based on physical measurements within the vertical shaft to provide a suitable airflow pressure at the location of the fans; 2) regulate the ventilation fans based on chemical sensors to ensure air quality in extraction rooms.
An additional system objective is to obtain safety through wireless networking (e.g. support of personal communication and localization). It should be noted that todays control architecture does not enable the fulfillment of these objectives, due to the lack of automatic control and sensing capabilities. Instead the wireless control architecture that is proposed in the following strives for fulfilling all the objectives listed above. Moreover, due to the advanced features of this architecture, additional control objectives can be defined, e.g. in terms of personal safety for mining personnel (localization, real-time process monitoring, etc.).
We propose an automation architecture, where we introduced networked sensors in the vertical ventilation shaft, in access tunnels and in the extraction rooms. The sensors placed in the vertical shaft and in the access tunnels can make use of the existing wired connections, while those in the extraction rooms must be wireless, due to the blasting activities. The exchange of sensor measurements and control signals can then be carried through a mix of wired and wireless links.
Since the whole system setup foresees the presence of some cabling, for power delivery to fans along the primary system and for connecting entrance detectors in rooms in the secondary system, it seems interesting to investigate the exploitation of power line communication (PLC) devices. The main idea is to provide a wired backbone along the power line already present in the system, while resorting to a proper WSN deployment for air sensing within the extraction rooms. In this setup a proper PLC/WSN gateway node should be deployed at the interface between the area and the wired backbone.
This basic setup can be further enhanced by exploiting the fact that the working environment is typically populated by several mobile entities like trucks and humans. Such entities (let them be equipped with one or more sensor nodes) could be useful to improve the quality of monitoring by increasing the spatial density of measurements. While the mobile entities are a potential benefit from an energy point of view (as the wireless nodes can resort to classical battery recharge mechanisms), their deployment poses additional challenges as it induces an increased topology variability in space and time. Along that line, an interesting evolution is concerned with hand-held and/or on truck mobile nodes acting as clusterheads and in turn interconnected (e.g. through an IEEE 802.11 wireless interface) to build a dynamic wireless backbone. This would help to make energy constraints on some lower tier wireless sensor nodes less stringent, while providing a larger bandwidth support for introducing advanced services, like, for example, an IP-based (peer-to-peer) voice service [7] .
We suppose that such a network is deployed and ensures the necessary communication capabilities for distributed sensing and actuation. Two control architectures can be considered:
1) a centralized strategy, where all the sensor signals are transmitted to the control room, where the control algorithms are run. This strategy aims to global optimization of the energy consumption, at the price of a higher communication load due to the transmission of control signals between the surface and the fans; 2) a decentralized approach, where some intelligence is embedded at the locations of the fans and can adjust their regulation directly based on the chemical sensors measurements. This regulation is structurally sub-optimal but should be preferred as a first approach for its simplicity and the limited communication constraints. Note that a control algorithm embedded at a fans location has to be relatively simple, because of the limited computation capabilities, while we can develop more complex control strategies for the algorithms run in the control room.
The ventilation system can be described in two parts: one fixed installation, which is the primary air supply from the ground via a vertical shaft, and the secondary system, a mobile network of fans. This architecture can be abstracted in order to model both the physical (airflow) and communication (wired and wireless) interconnections. This description includes the existing systems as well as key elements of the advanced technological solutions presented in this extended abstract.
Considering the fact that a feedback controller (using the pressure gradient) is already available on the primary system, we focus on proposing feedback control strategies that can be implemented on the secondary system. We suppose that the primary system is regulated so that a fixed pressure is available for the fans and detail the main dynamics of the secondary system, the importance of the WSN in the controlled dynamics and two possible model-based control strategies.
A new model is proposed to describe this part of the system, highlighting the main dynamics that should be considered for model-based control strategies. These dynamics involve communication constraints (delays and packet losses) associated with the WSN, energy losses and physical delays due to flow transport, and the dynamics of the stratified flow in the extraction room. While experimental results are not available yet to validate the proposed model, we tried to capture the fundamental dynamics that affect the closed-loop performances and represent them in a detailed simulation scenario.
Based on the previous model, two different control strategies are proposed to regulate the gas concentrations in the extraction rooms, essentially distinguished by continuous and hybrid automation. The first one is a nonlinear model-predictive control (receding horizon) scheme, which is particularly well suited to handle the model nonlinearities and to optimize a performance criterion (energy minimization) under some constraints. The second strategy is based on a conservative mathematical model of the system, and proposes a simple threshold control strategy. The advantage of this approach is that the control can be easily implemented and is suited for embedded fan controllers and pervasive sensors deployment in the rooms.
